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In  this  work,  we demonstrate  an effective,  fast  and  low-cost  route  for  the  synthesis  of  mesoporous
MgAl2O4 powder.  This  synthesis  procedure  successfully  reduces  the  overall  synthesis  time  for  nanosized
MgAl2O4 powder  from  days  to  a few  hours.  The  as-synthesized  powder  was  found  to be  amorphous  in
nature.  Upon  calcination  at  700 ◦C (2 h)  and  900 ◦C  (4 h)  in presence  of  air,  the  as-synthesized  MgAl2O4
amorphous  powder  was  transformed  into  a disorder  and  order  nanocrystalline  phase  respectively.  Theeywords:
esoporous
anocrystalline
apid synthesis
ation disorder
structural  information  of evolvement  phase  was  analyzed  through  Rietveld  reﬁnement  technique  and
Fourier  transform  infrared  spectroscopy.  The  speciﬁc  surface  area  of MgAl2O4 powder  calcined  at 700 ◦C
and  900 ◦C was  found  to  be 118.14  m2/g  and 74.67  m2/g,  respectively.
©  2013  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.
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. Introduction
Magnesium aluminate (MgAl2O4) is one of the most promising
efractory oxide materials with useful electrical, mechanical ther-
al  and optical properties. It is widely used as a catalyst support
aterial for various chemical reactions such as dehydrogenation
f n-butane [1], high temperature CO2 capture [2], CO oxidation
3] and water shift reactions [4]. In addition to its uses in chemi-
al industries, MgAl2O4 has major applications in refractory, optical
nd sensor industry [5,6]. Nanocrystalline MgAl2O4 is a low density
dditive material for solid propellant [7].
In general, MgAl2O4 is prepared by methods like co-
recipitation method [8], wet-chemical process [9], template
ethod [10], sol–gel citrate technique [11], silica xerogel tem-
late method [12] and self-generated organic template method [7].
hang et al. have reported hydrothermal route for the synthesis
f mesoporous MgAl2O4 [13]. This process includes hydrothermal
reatment at 180 ◦C for 24 h and additional 4 h for drying. Recently,∗ Corresponding author. Tel.: +91 3222 283976; fax: +91 3222 255303.
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wesoporous MgAl2O4 was reported to be synthesized via a surfac-
ant assisted precipitation route within ∼48 h [14]. Furthermore,
itric acid–ethylene glycol route was  adopted for synthesis of
gAl2O4 nano-powder with a synthesis time of 40 h [15]. Never-
heless, these aforementioned techniques require multiple steps
nd are incredibly time-consuming. From the perspective of syn-
hesis, it is still an important challenge to synthesize mesoporous
gAl2O4 via a single-step, rapid and economically viable approach.
oreover, there are few literature references available about the
ynthesis of mesoporous MgAl2O4 within a short time frame [16].
Herein, we demonstrate a simple, reproducible and rapid
ol–gel route to synthesize highly mesoporous MgAl2O4 crystalline
ramework which reduces the synthesis time from several days
o 2 h [17]. The present method has advantages of (1) template-
ree growth process, (2) use of inexpensive chemicals such as
etal nitrates, citric acid and glycine instead of metal alkox-
des [18,19], and (3) air atmosphere reaction rather than nitrogen
r argon [7,11]. The calcined mesoporous MgAl2O4 powder was
tudied using transmission electron microscopy (TEM), Fourier
ransform infrared spectroscopy (FTIR), X-ray diffraction (XRD) and
2 adsorption–desorption. In particular, distribution of cations (Mg
nd Al) over tetrahedral and octahedral intestinal sites as a func-
ion of calcinations temperature is studied using FTIR and Rietveld
eﬁnement of XRD patterns.
. Experimental worksStock solutions of precursor salts of Mg(NO3)2·6H2O and
l(NO3)3·9H2O were prepared by dissolving the salts in distilled
ater. A mix  of aqueous solutions of the said nitrate salts of Al3+ and
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the existence of carbon nanoﬂakes, which has also been reported
by Pristavita et al. [23]. MgAl2O4 stays amorphous at 500 ◦C as
evidenced from XRD. A crystalline phase of MgAl2O4 is obtained
at 700 ◦C. However, with the increase in calcination temperature,Fig. 1. Experimental setup for ﬂash pyrolysis method.
g2+ in the molar ratio of 2:1 was taken in a 2000 mL  glass beaker.
itric acid was  added to this solution so that the ratio of citric acid
o the total mole of cations was 1.5. The pH of the resultant solution
as adjusted to 6 by adding liquor ammonia in drops. Calculated
mount of glycine, ammonium nitrate and ethylene glycol were
dded thereafter to the solution. Citric acid and glycine initially
cted as chelating agents and at a later stage they served as fuel
nd pore former [7]. The beaker containing the metal ions was  then
eated in a pit furnace set at 350 ◦C with concurrent heating from
he top by an infrared lamp. The water slowly evaporated leading
o the formation of a gel. This was followed by sudden combustion
ith rapid liberation of gases. We  obtained a black and brown ﬁne
owder in the shape of a low density sponge. The as-synthesized
owder was collected and calcined at different temperatures. Fig. 1
hows the experimental set-up for the ﬂash pyrolysis method.
Decomposition behavior of the black and brown colored mass
as examined with the help of a thermal analyzer at a heating
ate 10 ◦C/min in air (NETZCH TG 209F). XRD measurements were
arried out at room temperature using a powder diffractometer
PANalytical High Resolution XRD PW 3040). The particle morphol-
gy of the calcined powder was studied using transmission electron
icroscope (JEOL-JEM-2100). The surface area and pore size distri-
utions of powder were estimated by using the N2 adsorption and
esorption method (Quantachrome Autosorb-1). Infrared spectra
ere recorded on Bruker (TENSOR 27).
. Results and discussion
Fuel plays a signiﬁcant role in controlling shape, size, morphol-
gy, distribution and surface area of the ﬁnal powder. The most
requently used organic fuels are glycine, urea and citric acid and
heir heat of combustion are −3.24 kcal g−1, −2.98 kcal g−1 and
2.76 kcal g−1, respectively [20]. Glycine makes the reaction quick,
ighly exothermic and sometimes unsafe. However, a very quick
nd high reaction temperature would partially sinter the ultra ﬁne
articles resulting in bigger size particles with smaller surface area.
owever, citric acid is a better chelating agent, forming more sta-
le complexes compared to glycine [21,22]. On the other hand,
t makes the combustion slow because of its less negative com-
ustion heat [18]. Hence, in present work, glycine was added to
queous solution of citric acid–metal nitrate complexes and heated
o produce quick and controlled reactions leading to formation
F
aFig. 2. TG and DTG plot of the MgAl2O4 precursor materials.
f mesoporous MgAl2O4 precursor powder. Here, the presence of
alculated amount of glycine initiates the combustion process as
ell as supplied the adequate amount of heat to the combustion
eactions.
Fig. 2 shows the TG and DTG thermal analysis of the as-
ynthesized MgAl2O4 precursor materials. The weight loss can be
lassiﬁed mainly into three zones: AB, CD and EF. The initial weight
oss was  primarily associated with the elimination of physically
dsorbed water. The highest mass loss was observed in the region
D of the typical TG curve. It can be attributed to the decompo-
ition of metal complexes, polymer charring, pyrolysis of organic
ompounds and loss of chemisorbed water. A region EF of the curve
eveals a mass loss of 7.53%. It may be due to the decarboxylation of
esidual carbonaceous ingredients as reported by Yatsui et al. [15].
he whole chemical changes were due to pyrolysis of the organics
ith concurrent elimination of gases which was reﬂected in the
otal weight loss of 71.03% in the TG curve. The peak at 455 ◦C in
he DTG curve may  be indicative of the decomposition of precursor
aterials.
The XRD patterns of the as-synthesized sample and calcined
t various temperatures are shown in Fig. 3. The XRD pattern of
s-prepared sample has a broad peak at low 2, indicating amor-
hous phase. A sharp low intense peak is found at 72◦, indicatingig. 3. XRD patterns of the as-synthesized powder and calcined at various temper-
ture.
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Rig. 4. Rietveld reﬁnements XRD pattern of MgAl2O4 powder (a) calcined at 700 ◦C
2  h) and (b) calcined at 900 ◦C (4 h).
he intensity of the peaks representing to spinel phase increased.
he XRD peaks in Fig. 3(c)–(e) match the peak given in the JCPDS
ard no. 04-008-1061 [24]. Applying Scherrer’s formula the average
rystallite sizes of (3 1 1) plane (Fig. 3c, e) calcined at 700 ◦C (2 h)
nd 900 ◦C (4 h) were found to be 14 nm and 24 nm,  respectively.
In order to get details of the structural and micro-structural
arameters, the diffraction data of MgAl2O4 calcined powder were
xamined by the Rietveld reﬁnement (program FULLPROF) using
seudo-Voigt function for proﬁling [25]. Fig. 4 shows the Rietveld
eﬁnement of XRD patterns for MgAl2O4 calcined powder. The
arameters such as scale factor, zero correction, displacement, lat-
ice constant, atomic coordinates and occupancy of the ions get
pdated in the course of reﬁnement. No violation of space group
ymmetry was detected during the investigation even in meta-
table state. Based on the XRD reﬁnement results (Table 1) of the
owder calcined at 700 ◦C for 2 h, one can clearly ﬁgure out that Al3+
ons present on both tetrahedral and octahedral interstitial sites.
he reﬁnement results estimate that the powder forms a disor-
er spinel structure. Combining the occupancies of tetrahedral and
i
a
b
p
able 1
eﬁned structural parameters of MgAl2O4 using cubic structure (space group: F d 3¯m).
Sample composition Calcination temperature Lattice parameter 
Mg.57Al2.27O4 700 ◦C (2 h) 8.06 
Mg  Al2O4 900 ◦C (4 h) 8.08 ig. 5. FTIR spectra of calcined MgAl2O4 powder (a) calcined at 700 ◦C (2 h) and (b)
alcined at 900 ◦C (4 h).
ctahedral sites, the chemical formula for powder calcined at 700 ◦C
2 h) is found to be (Mg.57 Al.27 ) Al2O4 ( represents a symbol
or vacancies). This type of cation disorder and vacancy is usually
bserved in lower temperate calcined spinel powder. Our results
re in accordance with the Rietveld reﬁnements done by Reinen
t al. [26]. On further increase of the calcination temperature to
00 ◦C for 4 h, all the Al3+ ions move from tetrahedral to octahedral
ites and the defect spinel is turned into an ordered spinel struc-
ure. The redistribution of cations is consistent with the change of
attice parameter. At higher calcination temperature, these cations
ain a sufﬁcient amount of energy and migrate towards the most
table equilibrium position.
Among a few investigations that have been reported on disorder
n the spinel samples, the most relevant seems to be Sreeja et al.
27]. According to their study the cation distribution was depend-
ng upon the particle size of the nanoparticles. They also observed
hat the inversion of Al3+ ions in the tetrahedral sites decreases
ith the increase in particle size. Bhattacharya et al. discussed that
he order–disorder phase transformation in MgAl2O4 is due to the
oint effect of chemical composition and amount of heat involved
n citrate nitrate auto ignition route [28]. Here we observed a disor-
ered magnesium aluminate nanocrystalline phase (700 ◦C). From
bove argument, it is evident that the distribution of Al3+ ions in the
etrahedral sites depends upon the particle size as well as the calci-
ation temperature. The evaluated statistical parameters depicted
 good correlation between the calculated and experimental data
Table 1).
The co-ordinance state of Al and Mg  cations in nanocrystalline
pinel phase is ensured by FTIR analysis. Fig. 5 shows the FTIR spec-
ra of the calcined powders gained from the ﬂash pyrolysis route. It
−1s conceived that the broad peak in the region 3500 cm and peak
t 1624 cm−1 corresponded to the OH stretching and H O H
anding of adsorbed water, which reﬂects high surface area of the
owder [15]. The spinel type structure is proved by the bands at
(Å) Volume (Å3) Rp (%) Rwp (%) 2
523.60 11.4 12.6 1.95
527.51 7.77 8.43 1.65
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eig. 6. TEM images of the calcined nanoparticles of MgAl2O4 at two  different tempe
eld  at 700 ◦C for 2 h; (c) bright ﬁeld at 900 ◦C for 4 h and (d) corresponding HRTEM
532 cm−1 and 699 cm−1), which are associated with lattice vibra-
ions of tetra and octahedrally coordinated metal ions [29]. The IR
pectral regions (700–500 cm−1) are assigned to the bending mode
f Al3+ octahedrally occupied in normal spinel. Moreover the pow-
er calcined at 700 ◦C (Fig. 5a) the band at 699 cm−1 and a shoulder
and detected at 802 cm−1 were observed, this implied that some of
he Al3+ occupied the tetrahedral position; this is consistent with
everal theoretical and experimental results [30,31]. This kind of
nversion diminishes with increase in calcinations temperature. X-
ay Rietveld reﬁnement results and FTIR spectra conﬁrm that some
f the Al3+ ions occupy tetrahedral sites creating a disordered struc-
ure. FTIR studies indicate the presence of slight impurities. This
ight be absorption of CO2 and moisture from the air [32].
Fig. 6 shows the TEM images of self-agglomerated MgAl2O4
anoparticles. In general the morphology shows that a bunch of
ery ﬁne nanocrystals self-organize to form a bigger cluster which
as much smaller than our earlier reported value [17]. Addition of
thylene glycol in the present work played a crucial role in mini-
izing the particle size and imparting homogeneity. The hydrolysis
eaction between citric acid and ethylene glycol led to the forma-
ion of a three-dimensional rigid polymer network. The polymer
esin restricted the mobilization of metal ions. The hard rigid poly-
er  network resulted in uniform dispersion of cations, reduced
he segregation of metal ions and hence resulted in formation of
articles with a uniform particle size in narrow range [33,34]. It
s also observed that the calcination process does not show a sig-
iﬁcant impact on the particle shape. Both dark ﬁeld and bright
eld images conﬁrm the mesoporous nature of the powder. It
s also found that the pores are worm-hole type. From the TEM
mages (Fig. 6), we can see the very small nanoparticles, which are
c
w
p
pes. (a) Bright ﬁeld image of the mesoporous nanoparticles and (b) correspond dark
e of a single grain.
mbedded in a carbon matrix [35]. In the case of powder calcined
t 900 ◦C (4 h) the aggregates are composed of uniform MgAl2O4
anocrystals with irregular shape and nearly about 25 nm in diam-
ter (Fig. 6c). In the previous published work, various chemical
outes have been employed to prepare single phase nanocrystalline
gAl2O4 where the average particle size was 20–600 nm after
eing calcined from 600 ◦C to 900 ◦C [15,36–38]. HRTEM technique
as utilized to examine crystal structure, which suggested that the
owder was  well crystalline .The 2D lattice fringe spacing was 4.5 A˚,
orresponding to inter-planner distance of cubic MgAl2O4 (with
 d 3¯  m symmetry Fig. 6d).
Fig. 7 represents the N2 adsorption/desorption isotherms and
ore size distribution of the calcined powder. The isotherms
btained for powder calcined at 700 ◦C (2 h) can be attributed to the
ype IV with typical H3 hysteresis loops (Fig. 7A (a)). On the other
and, powder calcined at 900 ◦C (4 h) displays a type IV isotherm
ith a H1 hysteresis loop (Fig. 7A (b)) [33,39]. The surface area of
he sample was  118.14 m2/g at 700 ◦C, when the temperature was
ncreased to 900 ◦C, this value decreased to 74.67 m2/g. The BET
urface area of MgAl2O4 is further compared with earlier work.
he nanocrystalline MgAl2O4 obtained by different chemical routes
and calcined at 900 ◦C) possesses a surface area of 12.14–40 m2/g
7,40–42]. It is important to note that the nanocrystalline MgAl2O4
articles (calcined at same 900 ◦C) obtained in the present work
ossess a much higher surface area of 74.67 m2/g. However, Saberi
t al. reported citrate–nitrate route for synthesis of MgAl2O4 pre-
ursor powder [11]. The surface area of nanocrystalline MgAl2O4
as found to be 156.3 m2/g after subsequent heat treatment to
recursor powder in argon and air atmosphere. Nevertheless this
resent method has several beneﬁts. Firstly, all the reactions and
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[ig. 7. (A) N2 adsorption/desorption isotherms and (B) pore size distribution of the
gAl2O4 prepared by ﬂash pyrolysis method.
alcination were performed in air atmosphere using normal elec-
ric furnace. Secondly, synthesis process is quick and the powder is
ighly reproducible from experiment to experiment.
The existence of mesopore size pore distribution (Fig. 7B) is of
articular interest for catalytic, sensor and adsorption applications.
ample calcined at 700 ◦C (2 h) exhibited an average pore diam-
ter 7.03 nm while sample calcined at 900 ◦C (4 h) exhibited an
verage pore diameter 14.08 nm.  The pore size increase may  be
gglomeration/sintering as evidenced from the decrease surface
rea and increase in particle size by HRTEM. From XRD, HRTEM,
ESEM and N2 adsorption/desorption results, the calcined powder
ossesses a crystalline mesoporous three-dimensional framework
f MgAl2O4. It is also noticed that the distribution of cations and
tructural parameters are strongly dependent on calcination tem-
erature. The Rietveld reﬁnement results are in close agreement
ith cations co-ordination state acquired by FTIR spectra.. Conclusions
Mesoporous nanocrystalline MgAl2O4 powder was  successfully
ynthesized by the ﬂash pyrolysis route. Our approach helps to
[
[
[n Ceramic Societies 1 (2013) 328–332
vercome the time consuming and complex nature of the existing
rocesses as it takes only 2 h for completion. The structural data
ound after Rietveld reﬁnement have provided adequate evidence
f cation disorder at lower calcination temperature powder. The
ovement of the cations between the octahedral and tetrahedral
ites was conﬁrmed by particular absorption bands from FTIR spec-
ra. The distribution of cations can be manipulated by varying the
alcination temperature.
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